Consistency in trophic strategies between populations of the Sardinian endemic salamander Speleomantes imperialis by Salvidio, Sebastiano et al.
Animal Biology 67 (2017) 1–16 brill.com/ab
Consistency in trophic strategies between populations of the
Sardinian endemic salamander Speleomantes imperialis
Sebastiano Salvidio1,∗, Frank Pasmans2, Sergé Bogaerts3, An Martel4,
Martijn van de Loo5 and Antonio Romano6
1 Dipartimento di Scienze della Terra, dell’Ambiente e della Vita, Università di Genova, Corso
Europa 26, 16132 Genova, Italy
2 Laboratory of Veterinary Bacteriology and Mycology, Faculty of Veterinary Medicine, Ghent
University, Salisburylaan 133, 9820 Merelbeke, Belgium
3 Lupinelaan 25, 5582 CG Waalre, The Netherlands
4 Department of Pathology, Bacteriology and Poultry Diseases, Faculty of Veterinary Medicine,
Ghent University, Salisburylaan 133, 9820 Merelbeke, Belgium, and
Geert Grootestraat 53, 5643RC Eindhoven, The Netherlands
5 EPMAC Educative and Participative Monitoring for Amphibian Conservation
6 Consiglio Nazionale delle Ricerche, Istituto di Biologia Agroambientale e Forestale, Monterotondo
Scalo, 00015 RM, Italy
Submitted: August 12, 2016. Final revision received: January 19, 2017. Accepted: January 27, 2017
Abstract
The study of trophic ecology of terrestrial salamanders is central for a better understanding of their
adaptability and dispersal, in particular in Mediterranean ecosystems where their feeding activity is
reduced because of prolonged arid periods. Terrestrial salamanders are generalist predators that feed
on a large array of invertebrate prey groups, however, there are few studies comparing the feeding
strategy and the trophic specialization at the individual level in conspecific populations of salaman-
ders living in different habitats. In this study, two populations of the Sardinian endemic salamander
Speleomantes imperialis were sampled in areas characterized by different climate, vegetation and geo-
logical substrate. Dietary habits, obtained by stomach flushing, and physiological condition, assessed
through a body condition index, were analysed and compared between populations. The two popula-
tions displayed different diets on the basis of the taxonomic composition of prey categories, but both
of them behaved as generalist predators and shared a similar body condition index. Moreover, in both
populations the indices of individual trophic specialization were significantly different from null mod-
els assuming a random prey distribution among predators. Therefore, the two populations were largely
composed by individually specialized salamanders. Overall, these findings are in good agreement with
other studies on the trophic ecology of top predators and in particular of terrestrial salamanders. The
realized trophic strategies, i.e. generalist at the population and specialist at the individual level, were
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highly consistent geographically and the two populations exploited the different arrays of prey found
in their environments similarly.
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Feeding strategy; generalist; individual specialization; Plethodontidae; Sardinia; specialist; trophic
level
Introduction
Trophic habits are essential traits in understanding the ecology and adaptability of
animal populations and in some cases appear to be the most relevant niche dimen-
sion (Piet et al., 1999; Luiselli, 2006; Wells, 2007). However, for a given species
feeding strategies may be context dependent, in relation to the level at which they
are analysed, i.e. if at the population or at the individual level. Generalist species or
populations are defined as those that use resources in proportions similar to those
available in the environment, while specialists use only a restricted subset of these
resources (Gerkin, 1994; Devictor et al., 2010). Indeed, many animal populations
have broad trophic niches and may be considered generalist feeders at the popula-
tion level, but at the intra-population level they often are composed by ecologically
heterogeneous individuals: those that consume resources in similar proportions to
the entire population (i.e. generalist individuals, sensu Bolnick et al., 2002, 2003)
and those that feed only on a limited array of resources consumed by the popu-
lation they belong to (i.e. specialist individuals). Individual diet specialization is
usually associated with microhabitat selection and acquired hunting behaviour that
promote resource partitioning within the population while increasing the fitness of
those individuals that select their prey over a broad range of categories (Terraube et
al., 2010; Costa et al., 2015).
In the case of terrestrial salamanders, i.e. those lacking the aquatic larval stage,
foraging strategies and trophic adaptations are mainly extrapolated from studies on
new world plethodontids (e.g. Burton, 1976; Maertz et al., 2006; Wells, 2007; Paluh
et al., 2015; Stuczka et al., 2016), while studies on European species are particularly
scarce (Andreone et al., 1999; Salvidio et al., 2012), especially in Mediterranean
ecosystems (but see Vignoli et al., 2006; Salvidio et al., 2012).
Sardinia, as many Mediterranean islands, is a biodiversity hotspot (e.g. Hopkins,
2002) and hosts five of the eight currently recognized species of fully terrestrial
European salamanders belonging to the family Plethodontidae. These species are
classified in the genus Speleomantes and are all island endemics (Lanza et al.,
2005; Carranza et al., 2008). While trophic habits and feeding strategies have been
described for two of the three continental species (e.g. Vignoli et al., 2006 for S.
italicus; Salvidio et al., 2012; Salvidio et al., 2015 for S. strinatii), these studies fo-
cused on single populations, underestimating the possible geographical variation in
the trophic role and feeding strategies of species that are found in different climatic
habitats within their distributional range. Moreover, data on the feeding ecology of
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Sardinian species are still lacking and are of interest for understanding the ecologi-
cal adaptability to a typical Mediterranean arid environment.
The central aim of this study was to compare the dietary habits and trophic niche
breadth of two geographically distinct populations of the species Speleomantes im-
perialis (Stefani, 1969), sampled in ecologically different areas. In addition, we
performed comparisons of feeding strategies between the two populations, to test if
different environmental conditions affect their trophic behaviour both at the popula-
tion and at the individual level. Finally, we also tested whether the two populations
were able to maintain similar physiological status, measured through a body condi-
tion index, by exploiting the available resources found in different habitats.
Materials and methods
Study sites
The study was conducted in January 2016 on two populations of Speleomantes
imperialis sampled at the southern and northern limit of the known species dis-
tribution: the first population was sampled the 9th of January near the village of
Villasalto (S Sardinia, province of Cagliari, N 39°29′; E 009°24′) between 300 and
570 m a.s.l. The majority of individuals weas sampled along a forest track between
300-340 m a.s.l., while four females and two males were opportunistically cap-
tured at 570 m a.s.l. on the same slope, same aspect and same vegetation type.
Salamanders were pooled in further analyses, because they showed a similar diet
according to taxonomic composition (see ‘Dietary analyses’ section in the online
supplementary material). Moreover, the individual differences were not examined
at the taxonomic level (which is influenced by local factors) but on the way individ-
ual salamanders captured the prey items (i.e. randomly or selectively). The second
population was sampled the 10th of January along the SE shore of the lake Lago
Omodeo (Central Sardinia, province of Oristano, N 40°03′; E 008°52′) in a rela-
tively small area at about 120-140 m a.s.l. The two sites differ in their lithological
substratum: Villasalto consists of arenaceous rocks (mainly carbonatic sandstones
of the Silurian, litocode 10 of the Italian Geological Map), while Lake Omodeo is
of volcanic origin and in particular is part of non-carbonatic ignimbritic sequences
of rhyolites and rhyodacites (litocode 11). Moreover, these two sites are classi-
fied into different Mediterranean macroclimatic areas and are covered by different
vegetation according to Corine Land Cover-2006: Villasalto has a less humid Ther-
momediterranean climate (mean annual precipitation 520 mm) and is covered by a
deciduous forest dominated by oak groves, while Lago Omodeo has a more humid
Mesomediterraneans climate (611 mm) within a heterogeneous agro-forestal ma-
trix (for a complete environmental description of the two sites see the ‘Sampling
sites description’ section in the supplementary material).
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Study species and sampling methods
Speleomantes imperialis is a plethodontid salamander endemic to the isle of Sar-
dinia, Italy (supplementary material, fig. S1). This species is a relatively large
European plethodontid with a maximal total length of 150 mm in the female and of
133 mm in the male (Lanza, 2007a). The species is found between 7 and 1170 m
a.s.l. in the central and SE parts of Sardinia, in the provinces of Cagliari, Nuoro
and Oristano (Lanza, 2007). The species’ population ecology and age composition
is poorly known. According to Lanza et al. (1995), the smallest known individuals
are 20 mm in snout-vent length (SVL), while Muths (1998) reports that newborns
in captivity range from 16 to 18 mm in body size. These sizes allow us to vali-
date the population SVL structure we found, permitting us to separate immature
salamanders from adults.
In both sites, salamanders were found during the day under rocks and logs by
active searching. At capture, individual were measured from the snout to the pos-
terior end of the vent (SVL ± 1 mm) and weighed with an electronic balance
(±0.01 g). Adults and large immatures were flushed in the field at capture (Fraser,
1987; Salvidio et al., 2012) with a 5 ml syringe equipped with a flexible tubing
(length 40 mm, diameter 2 mm) and released immediately after treatment. Stomach
contents were stored in 70% ethanol. No mortality was observed during this study
and salamanders were released on the spot immediately after flushing.
Sex determination and population structure
Mature males are characterized by a conspicuous mental gland (Lanza, 2007b),
while mature females lacking the gland may be confused with large immatures.
Therefore, females were tentatively separated from subadults on the basis of the
decomposition of the SVL distribution and on the basis of Mutz (1994). In fact, this
method should have been validated by dissection of unsexed individuals, specifi-
cally to recognize yolking eggs in young reproductive females (e.g. Bruce, 1996;
Salvidio, 1993). However in our case, this procedure was not used for ethical rea-
sons. Mean SVL of males and females was compared between populations using
Mann-Whitney U tests. The salamander polymodal SVL distribution was decom-
posed by means of maximum-likelihood mixture analysis assuming normal distri-
butions (Dempster et al., 1977) and the best model selected by means of Akaike
information criterion corrected for small samples (AICc). For each SVL compo-
nent the mean, the standard deviation and the probability of being separated from
adjacent components were calculated. In the present case this procedure was useful
to separate immature individual from reproductive adults.
Diet analysis and trophic strategy assessment
Prey items were determined in the lab under a stereoscope. Trophic niche breadth
was evaluated through Shannon diversity index that takes into account both the
number of prey categories and the distribution of prey items within categories
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(Magurran & McGill, 2011) calculated by age and sex separately within each
population. Differences in diet between populations were graphically analyzed by
non-metric multidimensional scaling (NMDS) and tested by analysis of similar-
ity (ANOSIM), while the similarity percentage procedure highlighted the prey
taxa responsible for the observed differences (Clarke, 1993). The population re-
alized trophic niche was analyzed by the graphical method of Costello modified by
Amundsen et al. (1996). This approach describes the population feeding strategy as
specialist or generalist, according to the position of prey categories in the plane de-
limited by the prey frequency of occurrence (FO) and the prey-specific abundance
(Pi) defined as the percentage of prey found in the stomachs of individuals eating
that specific prey type.
The individual diet variation was evaluated by means of the proportional similar-
ity index (PSi) that measures the overlap of each individual trophic niche with the
entire population niche (Bolnick et al., 2002). This index was calculated as:
PSi = 1 − 0.5
∑
j
|pij − qij|
where pij is the frequency of food category j in the stomach of individual i and qj
is the frequency food category j in the entire population. The mean of all PSi val-
ues represents the mean individual specialization (IS) of the population: IS ranges
from 1, when all individuals are generalists and consume resources in direct propor-
tion to the whole population and approaches 0 when all individuals are specialists
and use a smaller subset of resources in comparison with the entire population (Bol-
nick et al., 2002; Bolnick et al., 2007). Moreover, the total niche width (TNW,
corresponding to the Shannon diversity index), the within individual component
(WIC) and the between individual component (BIC) were calculated. The ratio
WIC/TNW, that also expresses the individual specialization in diet (Bolnick et al.,
2002), and gives further information about the individual feeding behaviour. The
probabilities of obtaining the observed IS and WIC/TNW values were estimated by
9999 Monte Carlo resampling of the original data set. To reduce the overestimation
of individual specialization, these indexes were calculated only for salamanders
having at least three prey items in their stomach contents (Bolnick et al., 2002;
Salvidio et al., 2015).
The scaled mass index (SMI) was used as a proxy for the physiological condition
of each salamander (Peig and Green, 2010; Costa et al., 2015).
SMIi = Wi[SVL0/SVLi]bSMA
where Wi and SVLi are the W and SVL in mm of individual i, respectively; SVL0
is the SVL population mean, and bSMA is estimated by a reduced major axis re-
gression of log(W) on log(SVL). Comparing different populations requires the use
of the same L0 value (Peig and Green, 2010).
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Trophic indices and null models against which the observed values were tested
were calculated with IndSpec 1.0 software (Bolnick et al., 2002; Araújo et al.,
2011), while all other statistics were performed by the use of PAST 2.17.
Results
Population structure
A total of 114 S. imperialis were captured and measured: 88 from Villasalto and 25
from Lago Omodeo. Samples were pooled to analyze the species SVL distribution
and the best-fitting model decomposed the population into 5 components (AICC =
707.8; AICC with all other models >7; fig. 1). The smallest group (SVL range
20-27 mm) clearly corresponded to salamanders in their first year (Lanza, 2007),
thus allowing us to also age the subsequent two SVL components: the three small-
est cohorts were composed of immature individuals in their first, second and third
age of life. The growth increment separating the second and first SVL cohort was
8.4 mm, the increment between the third and the second 5.4 mm, while the incre-
ment observed between the third and fourth SVL groups was 17.2 mm (table 1).
Therefore, an intermediate SVL group, should have been present in the range 42-
50 mm, but could not be resolved successfully, because only two individuals were
sampled within this range (fig. 1). The smallest mature male had a SVL of 55 mm,
while all individuals belonging to the largest SVL component (i.e. possessing SVL
>58 mm) but lacking the mental gland were considered adult females. These data
corresponded well to those of Mutz (1998) on animals raised in captivity, while
the observed population structure, in which the juvenile cohorts are well separated
from each other and correspond to definite reproductive events, is common in the
Figure 1. Body-size distribution in Speleomantes imperialis (N = 114). The decomposition into nor-
mal groups was obtained by maximum-likelihood mixture analysis. The black triangle indicates the
smallest observed mature male, the white triangle the smallest estimated mature female (see text).
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Table 1.
Results of the mixture analysis decomposition for Speleomantes imperialis pooled sample.
SVL component Mean SVL (mm) SD P Growth increment (mm)
1 22.78 1.82 0.230
2 31.18 0.94 0.140 8.40
3 36.61 1.62 0.071 5.43
4 53.83 4.91 0.166 17.22
5 73.09 6.00 0.393 19.26
Abbreviations and symbols: P, probability of components separation; SD, standard deviation; SVL,
snout-vent length. The growth increment between two successive components is also shown.
continental species of the European genus Speleomantes (Salvidio, 1993; Salvidio
& Pastorino, 2002; Salvidio et al., 2002) and also in many American plethodontids
(i.e. Bruce, 2009; Staub, 2016).
Trophic strategy, body condition and individual specialization
In total 63 salamanders were stomach flushed (38 from Villasalto and 25 from Lago
Omodeo) and all of them, with the exception of a single male from Lago Omodeo,
contained some prey in their stomachs. There were neither significant differences in
mean body size between the males from the two populations (Lago Omodeo: mean
SVL = 68.00, N = 9; males Villasalto: mean SVL = 69.75, N = 12; M-W test
U = 45.5, P = 0.566) nor the females (Lago Omodeo: mean SVL = 76.83, N = 6;
females Villasalto: mean SVL = 72.67, N = 22; M-W test U = 47, P = 0.299).
The complete diet of the two populations is given in table 2. Overall, 20 prey
categories were found (17 and 20 in Villasalto and Lago Omedeo, respectively).
Shannon niche breadth indices did not differ between sexes and among populations
(table 2, all bootstrapped comparisons P > 0.10). There were no differences in diet
between males, females and subadults within the two populations (Lago Omodeo:
ANOSIM, R = −0.009, P = 0.919; Villasalto: ANOSIM, R = −0.01, P = 0.533).
Thus, all salamanders within each population were pooled in further analyses. How-
ever, since subadult samples were relatively small, this should be considered as a
preliminary result.
The overall diet was significantly different between Lago Omodeo and Vil-
lasalto populations (ANOSIM, R = 0.186, P = 0.0001; for the NMDS plot see the
supplementary material, fig. S3), with the highest dissimilarity contribution given
by isopods (11%), spiders (10%), ants (11%), fly larvae, beatle larvae and spring-
tails (all 9%).
The analysis of the Costello modified plot (fig. 2) clearly indicates that both
populations behaved as generalist predators with a relatively high within-phenotype
component (Amundsen et al., 1996).
The indices of individual trophic specialization were calculated only for sala-
manders with at least three prey items: 35 salamanders from Villasalto (12 males,
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Figure 2. Modified Costello plot (Amundsen et al., 1996), describing the trophic strategies of two
populations of the Sardinain plethodontid Speleomantes imperialis. Prey taxa are shown with grey
and black symbols for Lago Omodeo and Villasalto, respectively. Pi, prey-specific importance; FO,
frequency of occurrence (see text). Other abbreviations: ACAR, Acarina; ARAN, Araneae; CHIL,
Chilopoda; COLEA, Coleoptera adults; COLEL, Coleoptera larvae; COLL, Collembola; DERM,
Dermaptera; DIPTA; Diptera adults; DIPTL, Diptera larvae; FORM, Formicidae; HEMY, Hemyptera;
HYME, Hymenoptera (not Formicidae); ISOP, Isopoda; LEPIL, Lepidoptera larvae; MYRI, Myri-
apoda; PSEU, Pseudoscorpionida; PULM, Polmonata. Categories with both values of Pi and FO lower
than 10% are not shown for clarity.
19 females and 4 subadults) and of 21 from Lago Omodeo (8 males, 6 females and 7
subadults, table 3). Both populations displayed similar and highly significant values
of WIC/TNW and IS (999 bootstraps, P < 0.01, in all cases), suggesting the pres-
ence of a large proportion of specialized individuals (fig. 3). In both populations, the
PSi values were normally distributed (Anderson-Darling test: Villasalto = 0.395,
P = 0.356, N = 35; Lago Omodeo = 0.362, P = 0.414, N = 21) and displayed
similar overall distributions (Kolmogorov-Smirnov test: D = 0.229, P = 0.447; see
supplementary material, fig. S4).
There were no statistical differences in body condition, estimated through the
SMI, between the two populations (Villasalto: mean SMI = 4.585 ± 1.254 SD;
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Table 3.
Trophic indices calculated in the two populations of S. strinatii, considering only individuals with at
least 3 prey items in their stomach.
Population
(sample size)
WIC BIC TNW WIC/TNW Proportional
similarity index (IS)
observed/simulated
Villasalto 1.595 0.965 2.560 0.623* 0.413/0.571*
(N = 35)
Lago Omodeo 1.606 0.999 2.604 0.616* 0.380/0.452*
(N = 21)
Abbreviations and symbols: BIC, between individual component; TNW, total niche width; WIC,
within individual component; ∗ Statistically significant with P < 0.001.
Lago Omodeo: mean SMI 4.716 ± 1.029 SD; Mann-Whitney U = 349.5, Z =
−0.296, P = 0.767) and no significant relationships between individual SMI and
the degree of individual trophic specialization (PSi) were observed (Spearman’s
correlation coefficient: Villasalto rs = 0.03, P = 0.844; Lago Omodeo rs = 0.30,
P = 0.182).
Figure 3. Frequency distributions of 999 bootstrapped individual specialization indexes (IS) for
Villasalto (dark gray) and Lago Omodeo (light gray) populations of Speleomantes imperialis. The
continuous vertical line is the observed IS value for Villasalto (IS = 0.413), while the dashed vertical
line is the observed IS value for Lago Omodeo (IS = 0.380). Low values of IS indicate high levels of
individual specialization.
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Discussion
While there are several studies comparing the variations in diet among different
conspecific populations of amphibians on the basis of taxonomic categories (e.g.
for anurans: Toft, 1980; Bower et al., 2014; Ortega et al., in press; for salaman-
ders: Kutrup & Cakir, 2005; Milanovich et al., 2008; Costa et al., 2015) or colour
morphs (Paluh et al., 2015; Stuczka et al., 2016), there are very few studies com-
paring trophic strategies of conspecific amphibian populations on the bases of prey
use at the population or individual level (but see Walls, 1996 and Queiroga et
al., 2011). This study clearly demonstrates that both populations of S. imperialis
behaved as generalist predators, feeding on a large variety of soil invertebrates
without any dominant prey category in their diet (see fig. 2). In fact, the two
populations exploited the prey categories differently, probably due to different pro-
portional availability in each environment, but showed a very similar and broad
overall trophic niche range (Shannon diversity index = 2.50 and 2.54 for Villasalto
and Lago Omodeo, respectively). This generalist feeding pattern is also shown by
many terrestrial plethodontid salamanders that influence the turn over of leaf litter
invertebrate fauna in temperate ecosystems (e.g. Burton, 1976; Maerz et al., 2005;
Walton et al., 2005; Walton, 2016). A generalist trophic stategy has been observed
also in two species of European plethodontids belonging to the genus Speleomantes:
S. italicus in central Italy (Vignoli et al., 2006) and S. strinatii in NW Italy (Salvidio
et al., 2012). The observed dietary differences between the two S. imperialis pop-
ulations were probably due to different prey categories that were available to the
salamanders in the ecologically different study sites. However, since prey availabil-
ity was not experimentally assessed, this hypothesis remains to be tested. Males,
females and subadults within the two populations showed no significant differences
in the diet, although this finding should be considered as preliminary, in particular
for subadults that were represented by small samples.
The results of this study clearly demonstrate that the two salamander populations
maintain similar feeding strategies being generalist at the population level, but com-
posed by a large proportion of specialized individuals (sensu Bolnick et al., 2002).
In fact, trophic specialization at the individual level seems common in predators
and in particular in amphibians (e.g. Bolnick et al., 2003; Salvidio et al., 2015)
that act as apex predators of invertebrates, both in freshwater and terrestrial ecosys-
tems (Wells, 2007; Schrievers & Williams, 2013). It is also noteworthy that the
salamanders belonging to the two populations displayed similar physiological body
conditions, as estimated through their SMI. In particular, these findings suggest
that both populations, living in two different areas characterized by Mediterranean
dry habitas, were exploiting the different trophic resources locally available with
the same energetic cost-efficiency. Therefore, these two populations living at the
northern and southern limits of the species range, seem well adapted to their local
conditions, at least during the favourable winter season. Further studies should com-
pare the body condition of these populations also during the extremely dry summer
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season (see supplementary material, fig. 2), in which the active foraging behaviour
of lungless salamanders could be limited (Feder, 1983).
A significant and similar degree of individual trophic specialization was observed
in both salamander populations, confirming Van Valen’s (1965) niche variation hy-
pothesis (NVH). This theory, recently confirmed in many different animal groups
such as fishes (e.g. Svanbäck & Bolnick, 2007), frogs, lizards (Bolnik et al., 2007)
and mammals (Bison et al., 2015), predicts that the more the populations have a
generalist realized niche the more they adopt heterogeneous behaviours at the in-
dividual level (Van Valen, 1965; Araújo et al., 2011). The NVH is still debated,
because in the past several studies failed to find a positive relationship between
individual heterogeneity and population niche width (reviewed in Bolnick et al.,
2007). However, many of these studies focused on morphological variation, while
support for NVH could be provided by other biological traits, such as physiology
or behaviour, traits that could increase the individual efficiency in the use of avail-
able resources (Bolnick et al., 2007 and references therein). A higher degree of
individual specialization is hypothesized specifically in the case of apex predators,
in particular when inter-specific competition is weak and intra-population competi-
tion is strong (Svanbäck & Bolnick, 2005). This could be the case for Speleomantes
species in the island of Sardinia, where they are the only terrestrial salamanders,
with local populations reaching relatively high densities (Lanza, 2007b). Individual
specialization in dietary habits is often related to a better body condition, as it has
been shown in woodland salamaders (Costa et al., 2015), and more in general for
apex predators (e.g., Tinker et al., 2012; Robertson et al., 2015), because specialized
individuals may exhibit higher hunting efficiency and, in general, a higher foraging
success (Bolnick et al. 2003; Terraube et al., 2014). However, the benefits of this
kind of specialization are expressed only when the availble resources are limited
and intra-group competition is intense (Robertson et al., 2015). In the populations
of salamanders we studied, the degree of individual trophic specialization was un-
correlated with individual body condition, suggesting that salamanders were living
in environments with high trophic resource abundance and diversity, although dif-
fering in overall prey composition, as revealed by the observed differences in the
general trophic habits of the two populations.
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